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A flightinvestigateionwas
incorporatingan inletdesigned
magnesiumslurryfuel. Infree

madeofa rocket-launchedram-jetengine
fora Machnumberof4.1andburning
flight,themodelacceleratedfroma

l.hchnumberof1.73andanaltitudeof 5,900feetuntilburndutata
~ch numberof3.& andanaltitudeof38,100feetinan elapsedtime
of13.2seconds.kimum valuesofacceleration(6.lg),airspeeific
impulse(lx
Thevalueof

seconds),and
fuelspecific

grossthrustcoefficient(0.760)w&e obtained.
impulsewas770seconds.

INTRODUCTION

TheNACAisconductinga programto developnewhigh-energyfuels
foruseinturbojet.andram-jet’engines.Onesuchfuelisa metalslurry
fuelmadeup offinelydividedmetalparticlessuspendedinliqtidhydro-
carbons.Preliminaryresultsobtainedina connectedpipefacilityat
theLewishighenergyfuelslaboratory(ref.1) indicatedthefeasibil-
ityofadaptingthisfuelto a flighttestvehiclesimilartothatpre-
viouslytestedat theLangleyPilotlessAircraftResesrchStationat
WallopsIsland,Va. Sucha testwasconductedandtheresultsarereported
inreference2.

Thedataofreference2 indicatedthatthefuelperformedsatisfac-
torily.Thetestvehicleacceleratedfroma Machnumberof1.75toMach
nuniberof3.48witha maxim.nnaccelerationof4.6g. However,sincethe
testvehicleemployeda conicalshockinletdesignedfora Machnumber
of2.13,itwasfeltthattheperformance”’couldbe improvedby employing
a moresuitableinletconfiguration.Accordingly,a secondtestvehicle
wasdesignedidenticalto thatofreference2,exceptthatitincorpo-
rateda conicalshockinletdesignedfora I&chnuniberof4.10.

.
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Theresultsoftheflighttestofthisvehicle,aswell.as some
performanceparametersobtained.inthepreflightjetpriortotheflight
test,arepresentedinthis
PilotlessAircraftResearch

paper.AlltestsweremadeattheLangley
StationatWallopsIsland,Va.
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timemeasuredfromtake-off,se-c

staticpressure,lb/sqin.abs

statictemperature,%

maximumfree-streemtubesrea,sqft

free-streamMachnumber .— —
.

sonic

gross

airspecificimpulse,Jetthrust,‘lb
Air,lb/see

tmst coefficient,basedon combustion-chamberarea

netthrustcoefficient,basedoncombustion-chamberarea

externaldragcoefficient,basedon

stagnationtemperature,‘R --

ratioof Jetim@lseatexittojet

APPARATUSA$iDMETHODS

Model

combustion-chamber~“ea

impulseat sonicstation

Themodelincorporating& conicalshockinletdif~fiserdesignedfor
a Machnumberof4.1isshownas a sketchfidasa photogi%phin -
figuresl(a)andl(b),respectively.Thecombustion-Ehamberaiea
was2.87timestheannularareaattheinletlip. The_innerbodyassem-
blyconsistedoftheentrancecone,the”fueltank,and”theburnerappa-
ratus.Themodelwas75.43inchesinlengthwitha % -inch-dismeter
combustionchamber~“Won whichfourfins,eachwithan exposedareaof
0.416squarefoot,weremounted.An exitnozzle,cent-rattedandthen
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expandedto0.852and0.925,respectively,ofthecombustion-chamber
. area,wasattachedattheaftendofthecombustor.

Thecombustorwasconstructedof3/32-inchInconel
exitnozzleandstabilizingfinswerestainlesssteel.
ofthemodelwasofmildsteel.Theemptymodelweight

FuelendFuelSystem

sheet.The
Theremainder
was73.1pounds.

Thehigh-energyfuelusedinthisinvestigationconsistedofmsg-
nesiumpowdersuspendedh a liquidhydrocarbon(JP-h).Theslurry
fuel”wasdevelopedattheLewisFlightPropulsionLaboratoryandcom-
prehensiveinformkionon itsperformanceas obtainedingroundtests
isreportedinreferences1,3,and4. Thepertinentinformationon
thefuelusedinthisinvestigationisas follows:

& Specificgravity.. . . . . . . . . . . . . . . . . . . . . . . .1.07
Particlesize(maximumdiameter),microns. . . . . . . . . . . . 1

u Thefuelconsistedof52.4percentby weightofmagnesiumpowder,47.1
percentby weightofJP-4liquidhydrocarbon,and0.5percentby weight
ofa wettingagent.Theassayofthemetalpowderwas93.6percentpure
magnesiumand0.9percentpurealuminum,with5.5percentmagnesiumoxide.
Theweightoffuelcarriedintheflightmodelwas14.69pounds.

Therocketgasgenerator(fig.l(c))whichwasusedinthefuel
PWPingsystemwasdesignedby themethodsof.reference2. A Cordite
SU/Kpropellantgrainhavinga weightof @ grs.ms,witha dimeterand
lengthoflb and~ inches,respectively,wasfiredwithtwo5-delay

electricsquibsandgeneratedthegasesusedto expelthefuelfromthe
fueltank. Thegenerator,whichwasattachedtotheheadcapofthe
fueltank,wasmadeofSAE4130steelandhada loadedweightof1*pounds.

Therocketgasesandfuelwereseparatedby a free-floatingpiston
(fig.l(d)). A O.104-inch-diameterflow?neteringnozzle,locatedimmedi-
atelyinfrontoftheinjector-burnerassembly,wasusedtometerthe
fuelflowto theengine.A completedescriptionoftheinjectorand
flameholderdesign(fig.l(e))isgiveninreference1. Forthefivesti.
gationreportedherein,however,thelengthoftheburnerwascutdown
from7* inchesto 4 inches,aswasdoneinreference2.

A magnesiumflarewascementedintotheflameholderandfiredat
take-offto serveas an igniterforthefuel.An alminumannularigniter-
ringstartingdisk,blocking47percentoftheconibustorarea,wasinserted. immediatelyinf%ontoftheexitnozzle.Thestarting-disktechniqueis
describedinreference.
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Theperformanceoftheinletdiff~er,”fuelsystEm,“burner,and ‘_.
fuel were-’obtainedpriortotheflighttest--inthepreflightjetofthe
LangleyPilotlessAircraftResearchStationatWallops”Island,Va.

BoosterRocketandAdapter -::

A JATO,3.5-DS-57(Xlrocketmotorwasusedtoacceleratetheram
jetto supersonicspeed.A castmagnesium-alloycouplingfastened
to therocketmotorandfittedinternallyintheram-jetexitnozzle
attachedtheranjettothebooster.ThiscouplingWESdesignedto –
blockonly10percentofthenozzleexitareaduringtheboostperiod.
Fourfins,eachwithanareaof1~squarefeet,weremountedatthere~
endoftheboosterrocketmotorendprovidedstabilityofthecombina-
tionduringtheboostperiod.A photographoftheramjetandcoupled
boosterinplaceonthelauncherpriorto firingiss@wn as figwe 2._

Measurements

Thevelocityofthemodelinfl~t wasmeas~ed_with~.Dox@er
radar.ThepositionofthemodelinspacewasdeterminedwithNACA
modifiedSCR-584trackingradar.High-speedmanuallyoperatedtracking
camerasprovidedinformationonthebehaviorofthemodelduringthe
initialportionoftheflight. -—.

Uponcompletionoftheflighttest,a radiosonde-balloonwasreleased
to”obtainthepressure,temperature,~d altitudere~$i~nshi~.Thew3nd-.
velocity-altituderelationshipwasobtainedby trackingtheballoonwith
a rawinsonde.ThevariationofstaticpressureP m.dstatictewera- _
ture T, obtainedfromtheradiosondedata,withaltitudeis’presented
infigure3. — .-

i
—

—

.

“

—
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RESULTSANDDISCUSSION

FreeJetTest

Priorto theflighttest,theperformanceofthe-flightconfigura-
tionfromtheflameholderforwardwascheckedina freejetat M = 2.03.

.—

Thefinnedcombustorandexpandingexitnozzlewerer@aced witha fin-
lesscombustorofthesamelengthhavinga ~-inch-~~@ersonicexit. .“”._ ~
forthepreflighttest.A photograph-ofthemodelmou@edinthe
M= 2.03 freejetisshownas figure4. ThetestWas=conductedwith”-
‘s ‘ 825°t 6°R and”P = 13.2t 0.2 lb/SCI in. abs. :The res~ts of s
thistestarepresentedaS a timehistoryof Sa (obtainedby themethod

“
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ofref.5) infigure5. Theweightflowofairwasdeterminedby using
. therelationshipofmaximumstretitubeareatoMachrnmiberobtained

fromreference6,as showninfigure6. Theengine“buzzed”forapproxi-
mately0.7secondwhilethestartingdiskburnedoutbeforethevalue
of Sa markedlyincreased.(Seefig.5.) Maximumvaluesof Sa of
I-26secondswereobtainedduringthetest. Inthistestthelengthof
gasgeneratorgrainwas~ inches,~ inchlessthanthelengthusedon

theflightmodel,andthefuelweightwas13.50pounds.Thefuelwas
completelyexpelledfromthetank12.1secondsafterignition.

FlightTest

Thealtitudeandhorizontalrangecoordinates,as obtainedfrom
thedataoftheSCR-584radar,arepresentedinfigure7 upto thepoint
whereradarcontactwaslost.Thealtitude-timedataarealsopresented

. forthepoweredportionoftheflight.Thepertinenteventsandthe
timesatwhichtheyoccurredinflightarenotedonthefigure.

u TheflightMachnumberM ofthersmjetispresentedinfigure8
asa functionofflighttime. Velocitydatadeterminedlythe
CWDopplervelocimeterwereusedinthesecalculationsafterappropriate
correctionsforwindvelocitiesatthevariousaltitudesweremade.
‘Themodelseparatedfromtheboosterat M = 2.00 anddecelerated
throughtheignitionstageat M . 1.82 untilthestartingdiskburned
outat M = 1.73.Thedatathenshowa peakvalueof M . 3.84 was
obtainedat thetimeof18.1seconds.Duringthisperiod,maximumvalues
oflongitudinalaccelerationof 6.= werecalculatedfromthedata.
TheReynoldsnumber,basedonbodylength,variedbetween72x 106and
49x 106duringthepoweredportionoftheflight.It isinteresting
tonotethatwhenradarcontactwaslostat 113,400feetaltitude(see
fig.7),a Machnumberslightlyinexcessof1.8wascomputedfromthe
data.

ThegrossthrustcoefficientC* oftheram-jetengineispre-
sentedinfigure9 asa functionofkch mmiber.Thenetthrustwas
calculatedfromthelongitudinalaccelerationdata(obtainedfrom
CWDopplerradarset)andthemassoftheramjet(withappropriate
correctionsforchangingmasswithfuelconsumption).Thegrossthrust
coefficientwasobtainedfromthenetthrustcoefficientandthecom-
putedexternaldragcoefficientCD alsopresentedinfigure9. ,The
fuelratewasconsideredconstantovertheperiodofr~-jetoperation.
Theexternal-dragcoefficient,% was.estimatedfromtheoreticalfric-
tiondrag(ref.7)andpressuredragontheengine(ref.8),two-.
dimensionalpressuredragonthefins,andtheoreticalvaluesofaddi-
tivedragoftheinletas obtainedfromthedataofreference6. A

u maxfm~valueof CT = 0.76 wascalculatedat M . 2.ol forthesedata.
g
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A timehistoryoftheairspecificimpulseSa “deliveredby the
ramjetispresentedinfigure.10..The.~luesof Sa,atthesonic i
sectionoftheexitnozzle,wereobtainedby addingthegrossthrust

—

to thetotalmomentumoftheram-jetentranceairanddividingby the
weightflowofairandthethrustfunction@ M (ref.9). Thevalue
of @ M wascalculatedfromthedataatthetimeof17secondswith
M= 3.72.Thecalculatedvaluesoffree-streamsta@ationtempera-
tures Ts alsopresentedinfigure.10indicatea tiimumvalueof

‘s = 1,560°R was”reachedat t = 18.1 whichoccursat M = 3.&-.“ - “-““-

Theimprovedperformanceofthepresetittestvehicleoverthat
reportedinreference2 isillustratedinfigure11whichcomparesthe
netthrustcoefficientsCTn obtainedfromthetwotests.Below
M= 1.9,thevehicleemployingthe M = 2.13designinlet(ref.2)ha@
a slightlybetternettmt coefficient.AbovethisMachnuriber,how-

—

ever,thepresenttestvehiclehadthehigherCTn,withthedifference_ , ,
becomingincreasinglygreaterasMachnumberincreasedupto M = 3.4,
thelimitofthetestdataofreference2. At thisMachnumber,the
netthrustcoefficientofthepresenttestwas73perc”entgreaterthan “
thatachievedinreference2. .-

Thetotalfuelloadof14.69poundswasassumed~tohavebeen
expendedbetweenthetimesof,4.1and18.2secondsto.producea gross_
impulseof11,300pound-seconds.Theratioofthese%aluesdemo~.
stratesthattheoverallvalueoffuelspecificimpulseof 770seconds
obtainedwasapproximately~0percenthigherthanth&valueof549sec-
ondscalculatedforsimilarfuelinan enginedesignedfora lowerstart- ‘
ingMach

The
launched

number(ref.2).

CONCLUDINGREMARKS

importantresultsobtainedina free-flighttestofa rocket-
rsmjetutilizinga magnesiumslurryfuelare:

1.Theramjetacceleratedfroma Machnumberof-1.73at m alti-” - =
tudeof5,9Q0feettoa Machntiberof3.~”.atanaltitudeof38,100feet
intheelapsedtimeof13..2seconds. ‘“

Z.Themissileexperienceda maximumaccelerationof6.I.gduring
freeflight:

3.A maximumvalueofgrossthrustcoefficientof0.76wascalcu- .“-.‘.:
latedat a correspondingdragcoefficientof0.29.
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h 4.A maximumvalueofairspecificimpulseof1~ secondswas
obtainedat a Machnumberof3.72withthefree-streamstagnationtem-

. peratureequalto 1,470°R.

5.Thefuelspecificimpulseof 770secondsobtainedinthepres- .
enttests.usingan inletdesignedforMachnuniberof4.10wasapproxi-
mately40percentgreaterthanthatpreviouslyreportedfora vehicle
usingan inletdesignedfora Machnuniberof2.13.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,September5,1956.
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(a) Sketch of model. AM. Mmenfiionwexe In tithes.

Figurel.-The❑lurry-fuelram jet.
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Figure 1.- Continued.
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(c) Rocketgasgenerator.

Figure1.-Continued.
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Figure1.-Continued.
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(e).Thefuelinjector-burnerassembly.
L-83769

Figure1.-Concluded.
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Photographofpreflightmodelmounted in M = 2.03 free jet.
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